Abstract The bee louse Braula coeca is a highly specialised flattened, wingless fly that spends its entire adult life on adult honeybees. It feeds by stealing food directly from bees during social feeding (trophallaxis). The Braula fly has a preference to infest the honeybee queen. The queen is the most attended individual in the colony but despite this the adult flies remain undetected by the workers. This is due to Braula possessing a cuticular hydrocarbon profile that mirrors that of their host honeybee colony, despite Diptera and Hymenoptera orders having separated over 290 million years ago. This chemical camouflage is most likely through odour acquisition from the honeybee host since even small colony-specific differences in the alkene isomer patterns present in the honeybees were also detected in the Braula's profile. This finding further supports the idea that the honeybee recognition cues are contained within the alkene part of their hydrocarbon profile and Braula exploit this to remain undetected within an otherwise hostile colony.
Introduction
The colonies of social insects (bees, ants, wasps, etc.) are extremely dangerous place for alien species to inhabit due to the hundreds or thousands of nest-mate workers that aggressively protect their colony. Colony identity is achieved using a sophisticated chemical language that allows them to instantaneously detect nest-mates and discriminate against foreigners (Nash and Boomsma 2008; van Zweden and d'Ettorre 2010; Wyatt 2014) . This helps explain why relatively few foreigners are found in social insect colonies. However, a small number of highly specialised species have been able to infiltrate these hostile places and, once integrated within the colony, enjoy all the benefits provided by the colony, such as security and a constant 'free' food supply.
The bee louse Braula coeca (Diptera, Braulidae) is a flattened, wingless fly that was a common inhabitant of honeybee (Apis mellifera) colonies throughout their entire range (Smith and Caron 1985) before their population was decimated as a side effect of Varroa mite control, a major honeybee pest. The adult Braula fly is 1.5 mm in length and lives on the head and thorax of adult honeybees; with a particularly preference for the queen. Living on the bees' head allows Braula to feed on honey and pollen directly from the mouth of its host during trophallaxis, where food is shared between bees (Morse and Flottum 1998) . This preference for the queen may have evolved since she is the longest lived member of the colony, always resides within the colony and receives a much higher frequency of feeding compared to workers and drones. In severe cases, a queen can be infested by up to 100 adult Braula, which can lead to reduced egg laying (Bailey and Ball 1991) . Despite the large size of Braula relative to their host, it is difficult to see why they are tolerated within the honeybee colony, especially on the queen who receives constant attention from her workers.
Currently little has been hypothesised about the possible mechanisms that Braula has evolved which allow it to remain undetected within the colony. Previous studies have shown that foreigners have evolved a range of methods that allow them to exist in these hostile environments. These include various forms of chemical mimicry , producing chemical deterrents (Martin et al. 2007) or being chemical insignificant (Lambardi et al. 2007) . True chemical mimicry is where the key recognition cues are synthesised by the parasite, whereas when recognition cues are acquired from its host it is known as chemical camouflage (Lenoir et al. 2001) . The aim of this study was to investigate which of these mechanisms have evolved in Braula that allow the parasite to live unopposed within honeybee colonies.
Methods and materials

Study species
Due to the control of the parasitic Varroa mite, Braula is now only found in honeybee populations that are free from Varroa, such as the population on the small island of Colonsay in Scotland, UK. Adult honeybee workers from three colonies from the Scottish Island of Colonsay were inspected in 2012 and those infested with Braula were collected, placed within plastic tubes and frozen at -20°C to kill both individuals. The honeybee and attached Braula were separated, resulting in a total of 15 bee-Braula pairs from the three colonies. For each bee, the Dufour's gland was removed and placed individually into a glass vial. Also each Braula fly was placed individually into a glass vial. All samples were stored at -20°C prior to analysis. In honeybees (Martin et al. 2002) and Bumblebees (Martin et al. 2010) , the hydrocarbons stored in the Dufour's gland are very similar as that found on their body surface (Kather et al. 2011) . A Dufour's gland extract provides a more concentrated and cleaner sample of the hydrocarbons than a whole bee cuticular extract.
Chemical analysis
Each individual Braula or honeybee Dufour's gland was placed in a glass vial with 30 lL of HPLC-grade hexane for 10 min. The hexane extract was left to evaporate before the fly was removed. However, the glands were not removed due to their small size. Prior to analysis 30 lL of HPLCgrade hexane was added to each vial and run on an Agilent 7890 gas chromatograph (GC) connected to an Agilent 5975 MSD (quadropole) mass spectrometer (MS; -70 eV, electron impact ionisation). The GC was equipped with a ZB-5HT column (length, 30 m; ID, 0.32 mm; film thickness, 0.25 lm), and the oven temperature was programmed from 50°C to 110°C at 40°C min -1 and then from 110°C to 360°C at 20°C min -1 . The transfer line was maintained at 300°C and ion source at 230°C. Samples were injected in split-less mode with the injection port maintained at 290°C. Helium was the carrier gas, flowing at a constant rate of 1.0 mL min -1 . Hydrocarbons were characterised using diagnostic ions and their relative Kovats indices.
Statistical analysis
For each honeybee worker or Braula fly the peak area of each hydrocarbon was integrated. The positions of double bonds for each alkene isomer were not determined, but the three C31:1 and two C33:1 isomers were integrated separately as they have different retention times. The data were analysed by considering all of the hydrocarbons together, followed by grouping them into alkenes, n-alkanes ? methyl-alkanes or just methyl-alkanes. Previous research (Breed 1998; Chaline et al. 2005; Dani et al. 2005; Kather et al. 2011) all indicated that the critical nest-mate recognition signal may reside in the alkene part of the profile. The number of ions contained beneath each peak was converted into a proportion (%) of that hydrocarbon with respect to the total amount of all, alkene, methyl-alkane, or n-alkane ? methyl-alkane ions detected from each individual. These values were transformed using the method of Aitchison (1986) :
where Y i, j is the area of peak i for the individual j, g(Y j ) the geometric mean of the areas of all peaks for individual j, and Zi, j the transformed area of peak i for individual j. Each of the three datasets were analysed using Discriminant Analysis in SPSS v.20 using a grouping variable, where all independents were entered together using a within-group covariance matrix.
Results
The hydrocarbons present in the Dufour's gland of each honeybee consisted predominantly of a series of C25 to C33 alkanes, methyl-alkanes and alkenes (Fig. 1a) , as has been previously reported in honeybee Dufour's gland (Martin et al. 2002) or on the cuticle of honeybees (Dani et al. 2005; Kather et al. 2011; Breed 1998 ). There were no qualitative differences and only small quantitative differences between honeybee nest-mates from the three colonies ( Fig. 2a-d) as the hydrocarbon profiles of the 15 workers were all very similar. All 15 Braula flies possessed a cuticular hydrocarbon profile almost identical to that of their honeybee host (Fig. 1a, d) , even down to mirroring small colony differences in their alkene isomer patterns (Fig. 1a-f ). This was supported by the Discriminant Analysis that indicated that the honeybee and Braula flies are most similar at the colony level in their alkene profiles (Fig. 2d) , than their alkane ? methyl-alkane (Fig. 2b) or total hydrocarbon profiles (Fig. 2a) . All distinctions between Braula and honeybees and even between colonies were lost when only methylalkanes (Fig. 2c) were analysed.
Discussion
The bee louse Braula coeca is a highly specialised parasitic species that has adapted to inhabit honeybee colonies without being detected. This study found that Braula has a cuticular hydrocarbon profile that mirrors that of their host honeybees. This very close match allows them to blend into the colony and so avoid detection by the attending workers. This has also recently been shown to be used by several species of socially parasitic ant species (Guillem et al. 2014) . As adult Braula flies are wingless and so cannot survive independently of the honeybee colony, they are always in direct contact with the honeybees so it is most likely that Braula is using chemical camouflage through odour acquisition. Currently, the best example of this tactic is demonstrated by the 'shampoo' ants that spent much of their time licking their hosts to acquire their profile (Errard et al. 1997) . Chemical camouflage via odour acquisition allows parasites to circumvent the difficult task of synthesising host colony-specific recognition profiles to avoid detection, i.e. true chemical mimicry, if they can acquire them directly from their host. This may be favoured by species that do not have to invade colonies, since parasites like Braula and the Varroa mite disperse with honeybee swarms or individual drifting honeybees. It is, therefore, predicted that the other four species of Braula (B. kohli, B. orientalis, B. pretoriensis and B. schmitzi) will all employ this method, as appears to be the case in Varroa (Nation et al. 1991) , although studies involving naive Braula adults or larvae are required to prove conclusively that chemical mimicry is not been used.
The finding that the closest match between the honeybee and fly profiles is in their alkene isomer patterns, a situation very similar to that found in Bumblebees and the parasitic Psithyrus bumblebees (Martin et al. 2010) , adds further evidence to previous studies (Breed. 1998; Dani et al. 2005; Kather et al. 2011) , which suggest that the alkenes are the key compounds in the honeybee recognition system and the Braula flies exploit this to remain undetected within an otherwise hostile colony. Although methylalkanes have often been suggested to be involved in social insect recognition (van Zweden and d'Ettorre 2010) this does not appear to be the case in honeybees, as they are only associated with the honeybee brood stage (Falcon et al. 2014 ). This helps explain why Braula flies contain almost no methyl-alkanes in their profiles ( Fig. 1d-f) . However, this raises the question, is a result of Braula synthesising compounds or selectively acquiring only the key recognition compounds from its host? c Fig. 2 The relationship between the honeybees (clear symbols) and Braula flies (filled symbols) in the three study colonies, indicated by the dotted line. a Using all hydrocarbons, b only the alkanes ? methylalkanes, c only methyl-alkanes or d only the alkenes in the analysis
